Rationale: Redox modifications play an important role in many cellular processes, including cell death. Ischemic preconditioning (IPC) has been shown to involve redox signaling. Protein S-nitrosylation (SNO) is increased following myocardial IPC, and SNO is thought to provide cardioprotection, in part, by reducing cysteine oxidation during ischemia/reperfusion (IR) injury.
T he interplay between reactive oxygen species (ROS) and nitric oxide (NO), referred to as the nitroso-redox balance, is critical in the regulation of myocardial function. Redox modified protein thiols are known to alter the function of key proteins in the myocardium, including the L-type Ca 2ϩ channel, 1 the sarcoplasmic reticulum Ca 2ϩ -ATPase, 2,3 and the sarcoplasmic reticulum Ca 2ϩ release channel (RyR2). 4, 5 RyR2 appears to be particularly sensitive to redox modification, such that the interplay between protein S-nitrosylation and oxidation appears to be crucial in regulating channel activity. The nitroso-redox balance is also critically important during the setting of ischemia/reperfusion (IR) injury, which results in widespread thiol oxidation as a consequence of the burst of ROS that occurs in the first few minutes of reperfusion following ischemia. The end result of this widespread oxidation is a nitroso-redox imbalance. Ischemic precondi-tioning (IPC), which develops from transient episodes of IR and renders the heart resistant to damage resulting from subsequent sustained periods of ischemia, has been shown to involve redox signaling. 6 Furthermore, IPC has been shown to reduce the initial burst of ROS, and oxidative stress is thought to be important in cell death. 7 NO has been shown to play a key role in cardioprotection. 8 The cGMP-dependent effects of NO in IPC are well documented and occur via activation of the mitochondrial K ATP channel. 9 cGMP-independent effects of NO also play a significant role in cardioprotection. 2, 10, 11 Treatment with the S-nitrosylating agent S-nitrosoglutathione increases protein S-nitrosylation and induces cardioprotection. 2 S-Nitrosylation is a reversible, redox-dependent protein modification in which an NO moiety is covalently attached to the free thiol of a cysteine residue. [12] [13] [14] This modification has been demon-strated to modify the activity of target proteins. 1, 2, 15 Protein targets which have been shown to be S-nitrosylated include aconitate hydratase, aldehyde dehydrogenase, ␣-ketoglutarate dehydrogenase, mitochondrial complex I, creatine kinase, F 1 F 0 -ATPase, malate dehydrogenase, sarcoplasmic reticulum Ca 2ϩ -ATPase, and thioredoxin. 2, 11, 16, 17 S-Nitrosylation is also proposed to protect cysteine residues against potential oxidative damage from ROS. 18 -20 Many ROS-induced protein modifications are irreversible, and if they alter protein function and/or denature proteins, this will lead to a period of sustained myocardial dysfunction following IR injury. Because S-nitrosylation is a transient modification, S-nitrosylation of proteins during IPC could shield cysteine residues from irreversible oxidation during the first few minutes of reperfusion, after which time, the S-nitrosylation is removed and normal protein function can resume. At this point, the initial burst of ROS is complete and the protein is protected from oxidative damage. Thus, the level of S-nitrosylation could play a critical role in IR injury, when ROS production is increased. 21 Therefore, it is of interest to determine whether S-nitrosylation can exert cardioprotective effects by reducing cysteine oxidation ( Figure 1A ). To test this hypothesis, the simultaneous measurement and site identification of both S-nitrosylation and oxidation is required. Forrester et al recently published a technique for measuring and identifying the sites of protein S-nitrosylation (SNO-RAC). 22 Herein, we describe a new protocol based on the SNO-RAC method, for the measurement and site determination of protein cysteine oxidation (Ox-RAC). This newly developed protocol, when performed in tandem with the SNO-RAC technique, provides the methods necessary to address the important question of whether IPC-induced protein S-nitrosylation shields critical cysteine residues against oxidation.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Animals
Male C57BL/6 mice (12 to 15 weeks) were obtained from The Jackson Laboratory (Bar Harbor, ME). This investigation conforms to the Guide for the Care and Use of Laboratory Animals (NIH publication no. 85-23, revised 1996) and was approved by the Institutional Laboratory Animal Care and Use Committee.
Perfusion Protocols, Whole-Heart Homogenate Preparation, and Enzyme Assays
Hearts were Langendorff-perfused as described previously 2,23 and snap-frozen in liquid nitrogen immediately following the treatment protocol; treatment protocols are shown in Figure 1B . Whole-heart homogenate preparations 2,23 and GAPDH activity measurements 24 were performed as described previously.
Oxidation Site Identification With Resin-Assisted Capture
For oxidation site identification (Ox-RAC; Figure 1C ), samples (1 mg) were diluted in HEN buffer containing (in mmol/L): HEPES-NaOH 7.7 (250), EDTA (1), and neocuproine (0.1) with 2.5% SDS Figure 1 . Hypothesis, treatment protocols, and methodology. A, ROS production increases during IR injury, leading to irreversible cysteine oxidation (O x ) and myocardial dysfunction (left). Conversely, SNO increases during IPC, leading to cardioprotection via direct block against cysteine oxidation (right). B, Hearts were randomly subjected to 1 of 5 perfusion protocols. Periods of perfusion and ischemia are indicated by white and black boxes, respectively. C, A modified version of the biotin switch protocol was used to identify S-nitrosylated (SNO) and oxidized (Ox) proteins with RAC. (10) , and 50% methanol. The resin was then washed with an additional volume of elution buffer, followed by 2 volumes of DEPC water. All fractions were combined and concentrated via SpeedVac (Thermo Fisher Scientific). Samples were then resuspended in 0.1% formic acid and cleaned with a C 18 column (ZipTip; Millipore, Billerica, MA). Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was then performed using an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA). The MASCOT database search engine was used for protein identification. Relative quantification of SNO and oxidation was performed using an in-house software program designed as a label-free approach to peptide quantification by LC-MS/MS. 25
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S-Nitrosylation Site Identification With Resin-Assisted Capture
A modified version of the SNO-RAC protocol was used to examine protein SNO ( Figure 1C ). 22 Briefly, samples (1 mg) were diluted in HEN buffer with 2.5% SDS and an EDTA-free protease inhibitor tablet (Roche Diagnostics Corporation). All buffers were degassed before use to prevent oxidation of the resin. Homogenates were then incubated with 50 mmol/L NEM for 20 minutes at 50°C to block unmodified (ie, free) thiol groups from modification; NEM was removed via acetone precipitation. Samples were then resuspended in HENS and subjected to the same procedure as described above for the Ox-RAC protocol, with the exception that samples were not reduced with DTT and were coincubated with thiopropyl sepharose and 20 mmol/L ascorbate to reduce SNO.
Statistics
Statistical significance (PϽ0.05) was determined between groups using ANOVA for multiple groups or Student t test for 2 groups.
Results
To test whether S-nitrosylation (SNO) provides transient protection of cysteine residues against oxidation, we devel-oped the oxidation resin-assisted capture (Ox-RAC) protocol for the measurement and site identification of protein oxidation, and used this in tandem with the SNO-RAC method (see Figure 1C ). 22 The Ox-RAC protocol uses a combination of procedures adapted from the SNO-RAC method and redox difference electrophoresis (redox DIGE). 26 We made several modifications to the original SNO-RAC method so that it would be better suited for use in combination with the Ox-RAC protocol. These changes included the use of N-ethylmaleimide (NEM) rather than methyl methanethiosulfonate (MMTS) as a blocking agent. This substitution was made because MMTS is susceptible to DTT reduction during the step in which peptides are eluted from the resin. Conversely, NEM is not affected by DTT. This is particularly important with peptides that contain multiple cysteine residues; unmodified cysteine residues (ie, not SNO or oxidized) will remain blocked with NEM and will be detected as such by mass spectrometry, thus allowing us to distinguish unmodified cysteine residues from SNO or oxidized cysteine residues (which will not be labeled with NEM) in the case of peptides that have multiple cysteines. The MMTS would be removed by DTT during the elution step and unmodified cysteine residues would not be distinguishable from SNO or oxidized cysteine residues in peptides with multiple cysteines. As a negative control for the Ox-RAC protocol, wholeheart homogenates were pretreated with ascorbate and blocked with NEM. Non-DTT-reduced samples were then incubated with the resin, subjected to trypsin digestion, and analyzed via LC-MS/MS. Only 1 cysteine-containing peptide was detected by LC-MS/MS, indicating that ascorbate pretreatment is effective at reducing S-nitrosylation, and that NEM is effective at blocking both unmodified and ascorbatereduced thiol groups. These data also demonstrate that DTT-dependent false-positive signals with the Ox-RAC protocol are extremely low. Furthermore, the use of a higher concentration of ascorbate (50 mmol/L) yielded similar results to that observed with 20 mmol/L ascorbate. Identifications from nonspecifically bound peptides (ie, non-cysteine-containing peptides) accounted for Ϸ6% of all peptide identifications; noncysteine-containing peptides were filtered from the data set. These data demonstrate that the SNO-RAC and Ox-RAC techniques are very specific for the identification of SNO and oxidized cysteine residues, respectively.
IPC Transiently Increases Protein S-Nitrosylation
Using the modified SNO-RAC protocol, we identified a total of 33 unique SNO proteins (47 sites corresponding to 39 peptides; note some proteins have multiple peptides and/or multiple cysteines on the same peptide) among the 4 perfusion protocols (see Table 1 and Figure 2A ). We identified 11 proteins at baseline, an additional 20 SNO proteins with IPC, and 2 additional SNO proteins with IPC-IR. All 11 of the SNO proteins observed at baseline were also found with IPC, along with 20 additional proteins for a combination of 31 SNO proteins (45 sites corresponding to 37 peptides). Labelfree peptide analysis was performed for the 11 common proteins comparing baseline and IPC, and we determined that seven of eleven proteins showed a significant increase in SNO with IPC compared to baseline. Note that this includes , which had one peptide detected at baseline that did not show a significant increase and a new peptide with IPC that was significant. These SNO proteins included glyceraldehyde-3-phosphate dehydrogenase (GAPDH), lactate dehydrogenase, and triosephosphate isomerase. The remaining 4 common proteins did not show an increase in SNO with IPC compared to baseline. After 20 minutes of ischemia and 5 minutes of reperfusion, the total number of SNO proteins identified in IPC-IR samples decreased by Ϸ50% (16 proteins) compared to IPC alone, indicating that IPC-induced SNO formation is quickly reversible. Two of the SNO proteins (2 sites corresponding to 2 peptides) consistently observed with IPC-IR were not observed with IPC alone. Following 20 minutes of ischemia and 5 minutes of reperfusion in the absence of IPC, the total number of SNO proteins identified via SNO-RAC fell to 6 proteins and of these six proteins, 5 showed a significant decrease in SNO compared to baseline.
To determine whether the reduction in protein SNO observed with IPC-IR occurred as a result of IR or was a time-dependent process, we conducted an additional set of SNO-RAC experiments. Hearts (nϭ5) were subjected to a perfusion protocol identical to that used for IPC-IR, with the exception that hearts were not exposed to an ischemic period (IPC-R). Instead, hearts were subjected to a post-IPC reperfusion period equal to that of the combined duration of the ischemic and reperfusion periods of the IPC-IR protocol ( Figure 1B) . Following 4 cycles of IPC and a 25 minute reperfusion period, the number of SNO proteins detected in IPC-R samples was similar to that observed with IPC-IR (12 proteins versus 16 proteins). This result indicates that IPCinduced protein SNO is transient and decays with time.
IPC Reduces Protein Oxidation
Using the newly developed Ox-RAC protocol, we identified a large set of oxidized proteins for each of the 4 perfusion protocols ( Figure 2B) . A subset of these oxidized proteins can be found in Online Table I , which shows oxidation site identifications for the same proteins identified in Table 1 . As shown in Online Table II , we identified 158 proteins that showed constitutive oxidative modification at baseline. Although there are a large number of proteins with some degree of oxidation at baseline, this number includes proteins with disulfide bonds and iron-sulfur groups. There were a total of 127 proteins that showed oxidation with all 4 perfusion protocols. Following IR injury, we found 181 oxidized proteins (Online Table III ); more than 35% of the common proteins between perfusion and IR showed a significant increase in protein oxidation. Interestingly, 17 unique proteins were oxidized with IR alone and were not detected in the other perfusion protocols. These 17 unique proteins may include those responsible for the detrimental effects of IR-induced oxidation. With IPC, we detected 177 oxidized proteins (Online Table IV ), including 13 unique proteins that were not detected in the other perfusion protocols. A closer examination of the proteins oxidized with IPC compared to Each protein/peptide was identified from at least 3 of 5 SNO-RAC/LC-MS/MS proteomic analyses (peptides were filtered at a false discovery rate of 5%; peptides with ion scores Ͻ30 were not accepted). M indicates mitochondrial isoform; C, SNO cysteine residue; c, NEM-blocked cysteine residue. Peptides not detected under the specified condition contain a blank space in the ion score column. *PϽ0.05 vs perfusion; †PϽ0.05 vs IPC; ‡PϽ0.05 vs IR. those oxidized with IR revealed that the 2 populations of oxidized proteins were very different and, excluding proteins common among all 4 perfusion protocols (127 proteins), only 18 proteins were shared (Ϸ35% similarity). Following IPC-IR, 162 oxidized proteins were identified (Online Table V ). The drop in oxidized proteins with IPC-IR compared to IPC alone may result, in part, from the IPC-induced activation of oxidant repair mechanisms. Additionally, 138 common proteins were identified between IR and IPC-IR, and 55% of these common proteins showed a significant reduction in cysteine oxidation with IPC-IR compared to IR alone. Note that Online Tables II through V provide all protein/peptide identifications, including those detected in fewer than 3 of 5 samples.
IPC-Induced Protein S-Nitrosylation Provides a Direct Protective Effect Against Cysteine Oxidation Following IR Injury
Consistent with the hypothesis that SNO can provide direct protection against cysteine oxidation, we examined the oxidation state of the 27 proteins that showed a significant increase in SNO with IPC (42 sites corresponding to 34 peptides). Of these proteins, six did not show any oxidation at the sites of SNO in either IR or IPC-IR and were excluded from comparison. Of the remaining 21 SNO proteins, 76% (16 of 21 proteins) showed a significant reduction in oxidation or no oxidation at all following IPC-IR at the same site when compared to IR alone ( Table 2) . For example, we detected oxidation of isocitrate dehydrogenase [NAD] subunit ␣ with IR alone, but we did not detect oxidation of this protein following IPC-IR. In contrast, only 50% of non-SNO proteins showed a significant reduction in oxidation. Taken together, these data suggest that IPC-induced protein SNO can protect from cysteine oxidation, and this occurs in part, through a direct block against oxidation.
IPC-Induced S-Nitrosylation of GAPDH Results in Faster Recovery of Activity During Reperfusion
We performed a set of experiments examining GAPDH activity in whole-heart homogenates subjected to the perfusion protocols shown in Figure 1B . GAPDH activity was largely inhibited with IPC and following IR ( Figure 3A) , and this is likely attributable to an increase in SNO ( Figure 3B ) and/or oxidation ( Figure 3C ). Both SNO and oxidation have been shown to inhibit GAPDH activity. 24, 27 Interestingly, GAPDH activity levels returned to baseline with IPC-IR, as did SNO levels, thus providing further evidence that IPCinduced protein SNO provides direct and transient protection against cysteine oxidation.
Discussion
Protein S-nitrosylation is known to increase following IPC, 2 and is thought to contribute to cardioprotection, in part, by reducing the oxidation of critical cysteine residues. This hypothesis is illustrated in Figure 1 . It has been suggested that cysteine residues which are S-nitrosylated during cardioprotection are shielded from oxidation at the start of reperfusion. 18 -20 Furthermore, it is well known that the burst of ROS generated during the first few minutes of reperfusion results in irreversible oxidation of many critical proteins. This hypothesis requires that S-nitrosylation be a transient modification; S-nitrosylation would need to be present on the cysteine residue at the start of reperfusion and during the initial burst of ROS (which is thought to last only a few minutes), but the S-nitrosylation would then need to degrade quickly after the burst of ROS so that normal protein function could resume. A rigorous test of this hypothesis requires a method for the measurement and identification of oxidation sites, as well as S-nitrosylation sites. Here, we describe a new method for measuring the oxidation sites of proteins in tandem with the measurement of S-nitrosylation. This Ox-RAC method was adapted from the recently published SNO-RAC method. 22 We also modified the SNO-RAC technique to accommodate the simultaneous measurement of oxidation and S-nitrosylation, thus allowing us to directly examine the hypothesis that S-nitrosylation shields cysteine residues from oxidation. Using this novel methodology, we have identified a large set of S-nitrosylated and oxidized proteins in our model of cardioprotection (Figure 2 ), and find that 76% of proteins showing an IPC-induced increase in S-nitrosylation, exhibit reduced or no oxidation at the same site following ischemia and early reperfusion ( Table 2 ). Furthermore, the IPC-induced increase in protein S-nitrosylation is quickly reversed during early reperfusion (Figure 3 ). These results are consistent with the hypothesis that S-nitrosylation provides protection against cysteine oxidation during IR injury.
Nitroso-Redox Balance in Cardioprotection
IPC has been shown to reduce the burst of ROS that occurs during early reperfusion. 7 Consistent with this observation, we find that IPC reduced protein oxidation during early reperfusion (see Figure 2 ). Compared to IR alone, which is a condition in which the formation of ROS is favored, 21 there was a clear reduction in protein oxidation with IPC-IR. Interestingly, there were 17 proteins that were only oxidized with IR and these proteins might include irreversibly damaged proteins that contribute to dysfunction and cell death. Among the proteins oxidized with IR alone was a subunit of the mitochondrial import inner membrane translocase, Tim8B, and proteasome activator complex subunit 1. The mechanism through which IPC reduces protein oxidation is not well characterized, but is known to include a reduction in reperfusion ROS. NO has been shown to reduce reperfusion ROS, suggesting an important role for NO. Oxidant defense and/or oxidant repair mechanisms may also be activated with IPC. The reduction in reperfusion ROS is likely to be separate from the ability of S-nitrosylation to shield cysteine residues against ROS-induced oxidation. We hypothesize that NO, acting in part via S-nitrosylation, can also modify protein function during ischemia and early reperfusion and therefore play an additional role in protection. We have previously demonstrated that S-nitrosylation of the mitochondrial F 1 F 0 -ATPase dose dependently decreased activity. 2 This effect is consistent with the reduced ATP consumption observed in cardioprotective mechanisms. 28 IPC has also been proposed to signal through redox-sensitive mechanisms and antioxidants have been shown to block IPC-mediated protection. 6 Interestingly, IPC resulted in the oxidation of 13 unique proteins, including F-actin-capping protein subunit ␤, and heat shock protein 60, which is an important mitochondrial chaperone protein. Furthermore, the fact that the proteins oxidized with IPC are quite dissimilar from those oxidized with IR alone and are quickly reversed with IPC-IR, may provide further evidence for redox-sensitive signaling.
Evaluation of the Ox-RAC Method
We report on a novel procedure for the measurement and site determination of protein cysteine oxidation. We identified 158 proteins with oxidative (non-S-nitrosylation) modifications at baseline. The majority of these proteins showed oxidative modification under all 4 conditions (Perfusion, IPC, IR, IPC-IR). These modifications include disulfide bonds, sulfenic acids, glutathiolation, and others. A number of methods have been described to measure redox sensitive cysteine residues. 26, 29, 30 Hurd et al used redox DIGE with a backward-labeling strategy and, on treatment of rat heart mitochondria with hydrogen peroxide, found 40 proteins with increased cysteine oxidation (this included S-nitrosylation as they did not pretreat with ascorbate). 26 The use of more physiological ROS generators (ie, antimycin treatment, stimulation of reverse electron transport) yielded only 6 oxidized proteins. Sites of oxidation were not identified with this method. Fu et al used isotope-coded affinity tag-labeling and DIGE with a forward labeling strategy to examine oxidized cysteine residues in extracts with and without hydrogen peroxide. 30 This method identified 63 proteins as targets of hydrogen peroxide; isotope-coded affinity tag identified 60 sites from 50 proteins. Thus, the Ox-RAC method compares favorably with published protocols. This technique allows for high-throughput identification of oxidized proteins and modification sites under biologically relevant conditions. As a result, this method promises to provide a new tool for further assessing the role of redox signaling in cardiovascular function.
Study Limitations
For the small percentage of peptides identified with the SNO-RAC protocol that have multiple S-nitrosylation sites, some of these cysteine residues may actually be sites of oxidative modification. This possibility exists because oxidative modifications, if present on resin-bound peptides, could be reduced by DTT during the elution step, thus leaving a free cysteine residue. SNO-RAC/Ox-RAC identifications from nonspecifically bound peptides are also possible. However, identifications from non-cysteine containing peptides accounted for approximately 6% of all peptide identifications for both the SNO-RAC and Ox-RAC protocols.
Summary
The nitroso-redox balance is crucial in the maintenance of normal myocardial function, and this balance can be critically affected by the widespread oxidation that occurs with IR injury. This newly developed SNO/Ox-RAC protocol provides the means to assess the nitroso-redox balance in the myocardium. When applied to a model of IPC, we determined that S-nitrosylation plays an important cardioprotective role by shielding cysteine residues from ROS-induced oxidation, thus maintaining the nitroso-redox balance.
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